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well remember a brilliant red balloon which kept me 
J completely happy for a whole afternoon, until, while 
| was playing, a clumsy movement allowed it to escape. 
Spellbound, | gazed after it as it drifted silently away, gently 
swaying, growing smaller and smaller until it was only a red 
point in a blue sky. At that moment | realized, for the first time, 


the vastness above us: a huge space without visible limits. It 


was an apparent void, full of secrets, exerting an inexplicable 
power over all the earth’s inhabitants. I believe that many 
people, consciously or unconsciously, have been filled with 
awe by the immensity of the atmosphere. All our knowledge 
about the air, gathered over hundreds of years, has not 
diminished this feeling 


Theo Loebsack, Our Atmosphere 
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ur atmosphere is a delicate life-giving blanket of 

air that surrounds the fragile earth, In one way 
oF another, it influences everything we see and hear—it 
is intimately connected to our lives. Air is with us from 
birth, and we cannot detach ourselves from its presence 
In the open air, we can travel for many thousands of 
kilometers in any horizontal direction, but should we 
move a mere eight kilometers above the surface, we 
would suffocate. We may be able to survive without 
food for a few weeks, or without water for a few days, 
but, without our atmosphere, we would not survive 
more than a few minutes. Just as fish are confined to an 
environment of water, so we are confined to an ocean of 
air, Anywhere we go, it must go with us. 

‘The earth without an atmosphere would have no 
lakes or oceans, There would be no sounds, no clouds, 
no red sunsets. The beautiful pageantry of the sky 
would be absent. It would be unimaginably cold at 
night and unbearably hot during the day. All things on 
the earth would be at the mercy of an intense sun beat- 
ing down upon a planet utterly parched, 

Living on the surface of the earth, we have adapted 
so completely to our environment of air that we some- 
times forget how truly remarkable this substance is. 
Even though air is tasteless, odorless, and (most of the 
time) invisible, it protects us from the scorching rays of 
the sun and provides us with a mixture of gases that 
allows life to flourish. Because we cannot see, smell, or 
taste air, it may seem surprising that between your eyes 
and the pages of this book are trillions of air molecules. 
Some of these may have been in a cloud only yesterday, 
or over another continent last week, or perhaps part of 
the life-giving breath of a person who lived hundreds of 
years ago. 

Warmth for our planet is provided primarily by the 
sun’s energy. At an average distance from the sun of 
nearly 150 million kilometers (km), or 93 million miles 
(mi), the earth intercepts only a very small fraction of 
the sun's total energy output, However, it is this radiant 
energy" that drives the atmosphere into the patterns of 
everyday wind and weather, and allows life to flourish. 

‘At its surface, the earth maintains an average tem- 
perature of about 15°C (59°F).t Although this tempera- 
ture is mild, the earth experiences a wide range of 
temperatures, as readings can drop below-85°C (—121°F) 


Radiant energy, or radiation, i energy transferred in the form of waves that 
have electrical and magnetic properties. The light that we see is radiation, as 
is ultraviolet ight. More on this important topie is given in Chapter 2 

{the abbreviation °C is used when measuring temperature in degrees Cel- 
sius, and °F is the abbreviation for degrees Fahrenheit. More information 
about temperature scales is given in Appendix A and in Chapter 2. 


Ifthe earth were to shrink to the size of a large beach 
ball, its inhabitable atmosphere would be thinner than a 
piece of paper. 


during a frigid Antarctic night and climb during the day, 
to above 50°C (122°F) on the oppressively hot, subtropical 
desert 

In this chapter, we will examine a number of 
important concepts and ideas about the earth’s atmo- 
sphere, many of which will be expanded in subsequent 
chapters. 


Overview of the Earth’s Atmosphere 


‘The earth’s atmosphere is a thin, gaseous envelope com- 
prised mostly of nitrogen (N,) and oxygen (O,), with 
small amounts of other gases, such as water vapor (H,O) 
and carbon dioxide (CO,). Nested in the atmosphere are 
clouds of liquid water and ice crystals. 

The thin blue area near the horizon in Fig. 1.1 rep- 
resents the most dense part of the atmosphere, Al- 
though our atmosphere extends upward for many 
hundreds of kilometers, almost 99 percent of the at- 
mosphere lies within a mere 30 km (about 19 mi) of the 
earth's surface. This thin blanket of air constantly 
shields the surface and its inhabitants from the sun’s 
dangerous ultraviolet radiant energy, as well as from the 
onslaught of material from interplanetary space. There 
is no definite upper limit to the atmosphere; rather, it 
becomes thinner and thinner, eventually merging with 
empty space, which surrounds all the planets 


COMPOSITION OF THE ATMOSPHERE ‘Table 1.1 shows 
the various gases present in a volume of air near the 
earth's surface, Notice that nitrogen (N,) occupies about 
78 percent and oxygen (O,) about 21 percent of the total 
volume. Ifall the other gases are removed, these percent- 
ages for nitrogen and oxygen hold fairly constant up to 
an elevation of about 80 km (or 50 mi). 

At the surface, there is a balance between destruc- 
tion (output) and production (input) of these gases. For 
example, nitrogen is removed from the atmosphere pri- 
marily by biological processes that involve soil bacteria. 
Itis returned to the atmosphere mainly through the de- 
caying of plant and animal matter, Oxygen, on the other 
hand, is removed from the atmosphere when organic 
matter decays and when oxygen combines with other 


substances, producing oxides. It is also taken from the 
atmosphere during breathing, as the lungs take in oxy- 
gen and release carbon dioxide. The addition of oxygen 
to the atmosphere occurs during photosynthesis, as 
plants, in the presence of sunlight, combine carbon 
dioxide and water to produce sugar and oxygen. 

The concentration of the invisible gas water vapor, 
however, varies greatly from place to place, and from 
time to time, Close to the surface in warm, steamy, trop- 
ical locations, water vapor may account for up to 4 per- 
cent of the atmospheric gases, whereas in colder arctic 
areas, its concentration may dwindle to a mere fraction 
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FIGURE 1.1 
‘The earth's atmosphere as 
viewed from space. The thin blue 
area near the horizon shows the 
shallowness ofthe earth's 
atmosphere 


of a percent, Water vapor molecules are, of course, in- 
visible. They become visible only when they transform 
into larger liquid or solid particles, such as cloud 
droplets and ice crystals, The changing of water vapor 
into liquid water is called condensation, whereas the 
process of liquid water becoming water vapor is called 
evaporation. In the lower atmosphere, water is every- 
where. Itis the only substance that exists as a gas, a liq- 
uid, and a solid at those temperatures and pressures 
normally found near the earth’s surface (see Fig. 1.2). 
Water vapor is an extremely important gas in our 
atmosphere. Not only does it form into both liquid and 


TABLE 1.1 Composition of the Atmosphere Near the Earth’s Surface 
Permanent Gases Variable Gases 
Percent 

(by Volume) Percent Parts per 
Gas Symbol Dry Air Gas (and Particles) Symbol (by Volume) Million (ppm)* 
‘Nitrogen N, 78.08 ‘Water vapor owa 
Oxygen o, 20.95 Carbon dioxide 0.037 368° 
Argon a 093 Methane 0.00017 17 
Neon Ne 018 Nitrous oxide 0.00003 03 
Helium He 0.0005 Ozone 0.000004 0.04t 
Hydrogen H, 0.00006 Particles (dust, soot, et.) 0.000001 0010.15 
Xenon Xe 6.000009 CChlorofluorocarbons (CF 0.00000002 0.0002 


“For CO,, 368 parts per million means that out of every million air molecules, 368 are CO, molecules. 


‘Stratospheric values at altitudes between 11 km and 50 km are about 5 to 12 ppm, 
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solid cloud particles that grow in size and fall to earth as 
precipitation, but it also releases large amounts of heat— 
called latent heat—when it changes from vapor into liq- 
uid water or ice, Latent heat is an important source of 
atmospheric energy, especially for storms, such as thun- 
derstorms and hurricanes, Moreover, water vapor is a 
potent greenhouse gas because it strongly absorbs a por- 
tion of the earth’s outgoing radiant energy (somewhat 
like the glass of a greenhouse prevents the heat inside 
from escaping and mixing with the outside air). Thus, 
water vapor plays a significant role in the earth’s heat- 
energy balance. 

Carbon dioxide (CO,), a natural component of the 
atmosphere, occupies a small (but important) percent of 
a volume of air, about 0.037 percent. Carbon dioxide en- 
ters the atmosphere mainly from the decay of vegetation, 
but it also comes from volcanic eruptions, the exhalations 
of animal life, from the burning of fossil fuels (such as 
coal, oil, and natural gas), and from deforestation, The re- 
moval of CO, from the atmosphere takes place during 
photosynthesis, as plants consume CO, to produce green 
matter. The CO, is then stored in roots, branches, and 
leaves. The oceans act as a huge reservoir for CO, as phy- 
toplankton (tiny drifting plants) in surface water fix CO, 
into organic tissues, Carbon dioxide that dissolves directly 
into surface water mixes downward and circulates 
through greater depths. Estimates are that the oceans hold 
more than 50 times the total atmospheric CO, content. 

Figure 1.3 reveals that the atmospheric concentra- 
tion of CO, has risen more than 15 percent since 1958, 
when it was first measured at Mauna Loa Observatory in 


Hawaii, This increase means that CO, is entering the 
atmosphere at a greater rate than it is being removed. The 
increase appears to be due mainly to the burning of fos- 
sil fuels; however, deforestation also plays a role as cut 
timber, burned or left to rot, releases CO, directly into the 
air, perhaps accounting for about 20 percent of the 
observed increase. Measurements of CO, also come from 
ice cores, In Greenland and Antarctica, for example, tiny 
bubbles of air trapped within the ice sheets reveal that 
before the industrial revolution, CO, levels were stable at 
about 280 parts per million (ppm). Since the early 1800s, 
however, CO, levels have increased by as much as 25 per- 
cent. With CO, levels presently increasing by about 
0.4 percent annually (1.5 ppmi/year), scientists now esti- 
mate that the concentration of CO, will likely rise from 
its current value of about 368 ppm to a value near 
500 ppm toward the end of this century. 

Carbon dioxide is another important greenhouse 
gas because, like water vapor, it traps a portion of the 
earth's outgoing energy. Consequently, with everything 
else being equal, as the atmospheric concentration of 
‘CO, increases, so should the average global surface air 
temperature, Most of the mathematical model experi- 
ments that predict future atmospheric conditions esti- 
mate that increasing levels of CO, (and other greenhouse 
gases) will result in a global warming of surface air be- 
tween 1°C and 3.5°C (about 2°F to 6°F) by the year 2100. 
Such warming (as we will learn in more detail in Chap- 
ter 14) could result in a variety of consequences, such as 
increasing precipitation in certain areas and reducing it 
in others as the global air currents that guide the major 


FIGURE 1.2 
The earth's atmosphere is a rich 
mixture of many gases, with 
clouds of condensed water vapor 
and ice crystals. Here, water evap- 
rates from the ocean's surface, 
Rising air currents then 
transform the invisible water 
vapor into many billions of tiny 
liquid droplets that appear as 
puffy cumulus clouds. Ifthe 
rising air in the cloud should 
extend to greater heights, where 
air temperatures are quite low, 
some of the liquid droplets would 
freeze into minute ice crystals, 
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Year (1900s) 


storm systems across the earth begin to shift from their 
“normal” paths. 

Carbon dioxide and water vapor are not the only 
greenhouse gases. Recently, others have been gaining no- 
toriety, primarily because they, too, are becoming more 
concentrated. Such gases include methane (CH,), nitrous 
oxide (N,O), and chlorofluorocarbons (CFCs).* 

Levels of methane, for example, have been rising 
over the past century, increasing recently by about one- 
half of one percent per year. Most methane appears to 
derive from the breakdown of plant material by certain 
bacteria in rice paddies, wet oxygen-poor soil, the bio- 
logical activity of termites, and biochemical reactions in 
the stomachs of cows. Just why methane should be in- 
creasing so rapidly is currently under study. Levels of ni- 
trous oxide—commonly known as laughing gas—have 
been rising annually at the rate of about one-quarter of 
a percent. Nitrous oxide forms in the soil through a 
chemical process involving bacteria and certain mi- 
cxobes. Ultraviolet light from the sun destroys it 

Chlorofluorocarbons represent a group of green- 
house gases that, up until recently, had been increasing 
in concentration. At one time, they were the most 
widely used propellants in spray cans. Today, however, 
they are mainly used as refrigerants, as propellants for 


"Because these gases (including CO, occupy only a small fraction ofa per- 
cent in a volume of air near the surface, they are referred to collectively as 
trace gases 
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FIGURE 1.3 
Measurements of CO, 
in parts per million ` 
(ppm) at Mauna Loa 
Observatory, Hawaii. 
Higher readings occur 
in winter when plants 
die and release CO, to 
the atmosphere. Lower 
readings occur in 
summer when more 
abundant vegetation 
absorbs CO, from the 
atmosphere: 


the blowing of plastic-foam insulation, and as solvents 
for cleaning electronic microcircuits. Although their av- 
erage concentration in a volume of air is quite small (see 
Table 1.1), they have an important effect on our atmos- 
phere as they not only have the potential for raising 
global temperatures, they also play a part in destroying 
the gas ozone in the stratosphere. 

At the surface, ozone (O,) is the primary ingredi- 
ent of photochemical smog,* which irritates the eyes and 
throat and damages vegetation. But the majority of at- 
mospheric ozone (about 97 percent) is found in the up- 
per atmosphere—in the stratospheret—where it is 
formed naturally, as oxygen atoms combine with oxy- 
gen molecules. Here, the concentration of ozone aver- 
ages less than 0.002 percent by volume. This small 
quantity is important, however, because it shields 
plants, animals, and humans from the sun’s harmful 
ultraviolet rays. It is ironic that ozone, which damages 
plant life in a polluted environment, provides a natural 
protective shield in the upper atmosphere so that plants 
on the surface may survive. We will see in Chapter 12 
that when CFCs enter the stratosphere, ultraviolet 


"Originally the word smog meant the combining of smoke and fog. Today, 
however, the word usually refers to the type of smog that forms in large cities, 
such as Los Angeles, California. Because this type of smog forms when chem- 
ical reactions take place in the presence of sunlight, it is termed photøchemi- 
cal smog. 

+The stratosphere is located at an altitude between about 11 km and 50 km 
above the earth's surface, 
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rays break them apart, and the CFCs release ozone- 
destroying chlorine. Because of this effect, ozone con- 
centration in the stratosphere has been decreasing over 
parts of the Northern and Southern Hemispheres. The 
reduction in stratospheric ozone levels over springtime 
‘Antarctica has plummeted at such an alarming rate that 
during September and October, there is an ozone hole 
over the region. (We will examine the ozone hole situa- 
tion, as well as photochemical ozone, in Chapter 12.) 

Impurities from both natural and human sources 
are also present in the atmosphere: Wind picks up dust 
and soil from the earth’s surface and carries it aloft; 
small saltwater drops from ocean waves are swept into 
the air (upon evaporating, these drops leave micto- 
scopic salt particles suspended in the atmosphere); 
smoke from forest fires is often carried high above the 
earth; and volcanoes spew many tons of fine ash parti- 
cles and gases into the air (see Fig. 1.4). Collectively, 
these tiny solid or liquid suspended particles of various 
composition are called aerosols. 

Some natural impurities found in the atmosphere 
are quite beneficial. Small, floating particles, for in- 
stance, act as surfaces on which water vapor condenses 
to form clouds. However, most human-made impuri- 
ties (and some natural ones) are a nuisance, as well as a 
health hazard. These we call pollutants, For example, 
automobile engines emit copious amounts of nitrogen 
dioxide (NO,), carbon monoxide (CO), and hydrocar- 
bons. In sunlight, nitrogen dioxide reacts with hydro- 
carbons and other gases to produce ozone. Carbon 


FIGURE 1.4 
Erupting volcanoes can send 
tons of particles into the 
atmosphere, along with vast 
amounts of water vapor, 
carbon dioxide, and sulfur 
dioxide. 


monoxide is a major pollutant of city air. Colorless and 
odorless, this poisonous gas forms during the incom- 
plete combustion of carbon-containing fuel. Hence, 
over 75 percent of carbon monoxide in urban areas 
comes from road vehicles. 

The burning of sulfur-containing fuels (such as 
coal and oil) releases the colorless gas sulfur dioxide 
(SO,) into the air. When the atmosphere is sufficiently 
moist, the SO, may transform into tiny dilute drops of 
sulfuric acid. Rain containing sulfuric acid corrodes 
metals and painted surfaces, and turns freshwater lakes 
acidic, Acid rain (thoroughly discussed in Chapter 12) is 
a major environmental problem, especially downwind 
from major industrial areas. In addition, high concen- 
trations of SO, produce serious respiratory problems in 
humans, such as bronchitis and emphysema, and have 
an adverse effect on plant life. (More information on 
these and other pollutants is given in Chapter 12.) 


THE EARLY ATMOSPHERE The atmosphere that origi- 
nally surrounded the earth was probably much different 
from the air we breathe today. The earth’s first atmo- 
sphere (some 4.6 billion years ago) was most likely 
hydrogen and helium—the two most abundant gases 
found in the universe—as well as hydrogen compounds, 
such as methane and ammonia. Most scientists feel that 
this early atmosphere escaped into space from the 
earth's hot surface. 

‘A second, more dense atmosphere, however, grad- 
ually enveloped the earth as gases from molten rock 


within its hot interior escaped through volcanoes and 
steam vents. We assume that volcanoes spewed out the 
same gases then as they do today: mostly water vapor 
(about 80 percent), carbon dioxide (about 10 percent), 
and up to a few percent nitrogen. These gases (mostly 
water vapor and carbon dioxide) probably created the 
earth's second atmosphere. 

Asmillions of years passed, the constant outpouring 
of gases from the hot interior—known as outgassing — 
provided a rich supply of water vapor, which formed into 
dlouds.* Rain fell upon the earth for many thousands of 
years, forming the rivers, lakes, and oceans of the world 
During this time, large amounts of CO, were dissolved in 
the oceans, Through chemical and biological processes, 
much of the CO, became locked up in carbonate sedi- 
mentary rocks, such as limestone. With much of the 
water vapor already condensed and the concentration of 
CO, dwindling, the atmosphere gradually became rich in 
nitrogen (N,), which is usually not chemically active. 

It appears that oxygen (O,), the second most abun- 
dant gas in today’s atmosphere, probably began an 
extremely slow increase in concentration as energetic 
rays from the sun split water vapor (H,O) into hydro- 
gen and oxygen. The hydrogen, being lighter, probably 
rose and escaped into space, while the oxygen remained 
in the atmosphere. 

‘This slow increase in oxygen may have provided 
enough of this gas for primitive plants to evolve, perhaps 
2.to 3 billion years ago. Or the plants may have evolved in 
an almost oxygen-free (anaerobic) environment. At any 
rate, plant growth greatly enriched our atmosphere with 
oxygen. The reason for this enrichment is that, during the 
process of photosynthesis, plants, in the presence of sun- 
light, combine carbon dioxide and water to produce oxy- 
gen. Hence, after plants evolved, the atmospheric oxygen 
content increased more rapidly, probably reaching its pre- 
sent composition about several hundred million years ago. 


Brief Review 
Before going on to the next several sections, here is a re- 
view of some of the important concepts presented so far: 


= The earth's atmosphere is a mixture of many gases. Ina 
volume of air near the surface, nitrogen (N,) occupies 
about 78 percent and oxygen (O,) about 21 percent. 

= Water vapor can condense into liquid cloud droplets 
or transform into delicate ice crystals, Water is the 


FIle mow believed that some ofthe earth's water may have originated from 
numerous collisions with small meteors and disintegrating comets when the 
earth was very young 
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only substance in our atmosphere that is found natu- 
rally as a gas (water vapor), as a liquid (water), and as 
a solid (ice) 

= Both water vapor and carbon dioxide (CO,) are im- 
portant greenhouse gases. 

= The majority of water on our planet is believed to 
have come from its hot interior through outgassing. 


Vertical Structure of the Atmosphere 


A vertical profile of the atmosphere reveals that it can be 
divided into a series of layers. Each layer may be defined 
in a number of ways: by the manner in which the air 
temperature varies through it, by the gases that com- 
prise it, or even by its electrical properties. At any rate, 
before we examine these various atmospheric layers, we 
need to look at the vertical profile of two important 
variables: air pressure and air density. 


A BRIEF LOOK AT AIR PRESSURE AND AIR DENSITY Air 
molecules (as well as everything else) are held near the 
earth by gravity. This strong, invisible force pulling 
down on the air above squeezes (compresses) air mole- 
cules closer together, which causes their number in a 
given volume to increase, The more air above a level, the 
greater the squeezing effect or compression. Since air 
density is the number of air molecules in a given space 
(volume), it follows that air density is greatest at the sur- 
face and decreases as we move up into the atmosphere. 
Notice in Fig. 1.5 that, owing to the fact that the air near 
the surface is compressed, air density normally de- 
creases rapidly at first, then more slowly as we move far- 
ther away from the surface. 

Air molecules have weight.* In fact, air is surpris- 
ingly heavy. The weight of all the air around the earth 
is a staggering 5600 trillion tons. The weight of the air 
molecules acts as a force upon the earth. The amount 
of force exerted over an area of surface is called atmos- 
pheric pressure or, simply, air pressure.t The pressure at 
any level in the atmosphere may be measured in terms of 
the total mass of the air above any point. As we climb 
in elevation, fewer air molecules are above us; hence, 


"The weight ofan object, including air, is the force acting on the abject due to 
gravity. In fact, weight is defined as the mass ofan object times the accelera- 
tion of gravity. An object's mas isthe quantity of matter in the object. Con- 
‘sequently, the mass of arin a rigid container is the same everywhere in the 
universe. However, ifyou were to instantly travel to the moon, where the ac- 

‘eleration of gravity is one-sixth that of earth, the mass ofair in the container 
would be the same, but its weight would decrease by one-sixth, 

+ Because air pressure is measured with an instrument called a barometer, at 

mospheric pressure is often referred to as barometric pressure 
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On September 5, 1862, English meteorologist James 
Gloisher and a pilot named Coxwell ascended in a hot 
air balloon to collect atmospheric data. As the pair rose 
above 8.8 km (29,000 fi, the low air density and lack 
of oxygen coused Glaisher to become unconscious and 
Coxwell so paralyzed that he could only operate the 
control valve with his teeth 


atmospheric pressure always decreases with increasing 
height. Like air density, air pressure decreases rapidly at 
first, then more slowly at higher levels (see Fig. 1.5). 

If we weigh a column of air 1 square inch in cross 
section, extending from the average height of the ocean 
surface (sea level) to the “top” of the atmosphere, it 
would weigh very nearly 14.7 pounds. Thus, normal at- 
mospheric pressure near sea level is close to 14.7 pounds 
per square inch, If more molecules are packed into the 
column, it becomes more dense, the air weighs more, 
and the surface pressure goes up. On the other hand, 
when fewer molecules are in the column, the air weighs 
less, and the surface pressure goes down, So, a change in 
air density can bring about a change in air pressure 

Pounds per square inch is, of course, just one way 
to express air pressure, Presently, the most common 
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Both air pressure and air density decrease with increasing 
altitude 


unit for air pressure found on surface weather maps is 
the millibar (mb), although the hectopascal" (hPa) is 
gradually replacing the millibar as the preferred unit of 
pressure on surface maps. Another unit of pressure is 
inches of mercury (Hg), which is commonly used both in 
the field of aviation and in television and radio weather 
broadcasts. At sea level, the average or standard value for 
atmospheric pressure is 


1013.25 mb = 1013.25 hPa = 29.92 in. Hg. 


Figure 1.6 (and Fig. 1.5) illustrates how rapidly air 
pressure decreases with height. Near sea level, atmo- 
spheric pressure decreases rapidly, whereas at high lev- 
els it decreases more slowly. With a sea-level pressure 
near 1000 mb, we can see in Fig, 1.6 that, at an altitude 
of only 5.5 km (or 3.5 mi), the air pressure is about 
500 mb, or half of the sea-level pressure. This situation 
means that, if you were at a mere 18,000 feet (ft) above 
the surface, you would be above one-half of all the mol- 
ecules in the atmosphere, 

Atan elevation approaching the summit of Mount 
Everest (about 9 km or 29,000 fi), the air pressure would 
be about 300 mb. The summit is above nearly 70 per- 
cent of all the molecules in the atmosphere. At an alti- 
tude of about 50 km, the air pressure is about 1 mb, 


"One hectopaveal equals 1 milibar. 
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FIGURE 1.6 


Atmospheric pressure decreases rapidly with height. Climbing 
to an altitude of only 5.5 km, where the pressure is 500 mb, 
would put you above one-half of the atmosphere’s molecules. 
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which means that 99.9 percent of all the molecules are 
below this level. Yet the atmosphere extends upwards 
for many hundreds of kilometers, gradually becoming 
thinner and thinner until it ultimately merges with 
outer space. 


LAYERS OF THE ATMOSPHERE We have seen that both 
air pressure and density decrease with height above the 
carth—rapidly at first, then more slowly. Air tempera- 
ture, however, has a more complicated vertical profile.* 

Look closely at Fig. 1.7 and notice that air temper- 
ature normally decreases from the earth's surface up to 
an altitude of about 11 km, which is nearly 36,000 ft, or 
7 mi. This decrease in air temperature with increasing 


TAr Temperature is the degree ofhotness or coldness of the air and, as we will 
see in Chapter 2, it is also a measure ofthe average speed of the air molecules 


Atitude (mi) 


tomb — 


1000 mb 


o 
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height is due primarily to the fact (investigated further in 
Chapter 2) that sunlight warms the earth's surface, and 
the surface, in turn, warms the air above it, The rate at 
which the air temperature decreases with height is called 
the temperature lapse rate. The average (or standard) 


Air temperature normally decreases with increasing 
height above the surface; thus, if you are flying in a jet 
aircraft at about 9 km (30,000 ti, the air temperature 
just outside your window would typically be about 
~50°C |-58°F)=more than 60°C (108°F) colder than 
the air atthe earth's surface, directly below you 


10 Chapter 1. The Earth’s Atmosphere: 


lapse rate in this region of the lower atmosphere is about 
6.5 degrees Celsius (°C) for every 1000 meters (m) or 
about 3.6 degrees Fahrenheit (°F) for every 1000 ft rise 
in elevation. Keep in mind that these values are only 
averages. On some days, the air becomes colder more 
quickly as we move upward, which would increase or 
steepen the lapse rate. On other days, the air tempera- 
ture would decrease more slowly with height, and the 
lapse rate would be less. Occasionally, the air tempera- 
ture may actually increase with height, producing a con- 
dition known as a temperature inversion. So the lapse 
rate fluctuates, varying from day to day and season to 
season, (‘The instrument that measures the vertical pro- 
file of air temperature in the atmosphere up to an eleva- 
tion sometimes exceeding 30 km (100,000 ft) is the 
radiosonde. More information on this instrument is 
given in the Focus section on p. 11.) 

The region of the atmosphere from the surface up to 
about 11 km contains all of the weather we are familiar 
with on earth, Also, this region is kept well stirred by rising 
and descending air currents. Here, it is common for air 
molecules to circulate through a depth of more than 10 km 
in just a few days. This region of circulating air extending 
upward from the earth's surface to where the air stops be- 
coming colder with height is called the troposphere— 
from the Greek tropein, meaning to turn, or to change. 

Notice in Fig. 1.7 that just above 11 km the air tem- 
perature normally stops decreasing with height. Here, 
the lapse rate is zero. This region, where the air temper- 
ature remains constant with height, is referred to as an 
isothermal (equal temperature) zone. The bottom of 
this zone marks the top of the troposphere and the be- 
ginning of another layer, the stratosphere. The bound- 
ary separating the troposphere from the stratosphere is 
called the tropopause. The height of the tropopause 
varies. It is normally found at higher elevations over 
equatorial regions, and it decreases in elevation as we 
travel poleward. Generally, the tropopause is higher in 
summer and lower in winter at all latitudes. In some re- 
gions, the tropopause “breaks” and is difficult to locate 
and, here, scientists have observed tropospheric air mix- 
ing with stratospheric air and vice versa. These breaks 
also mark the position of jet streams—high winds that 
meander in a narrow channel like an old river, often at 
speeds exceeding 100 knots." 

From Fig. 1.7 we can see that, in the stratosphere 
at an altitude near 20 km (12 mi), the air temperature 
begins to increase with height, producing a temperature 


FA knotis a nautical mile per kour. One knot is equal to 1.15 miles per hour 
(nich), or 1.9 kilometers per hour (km/hr), 


inversion. The inversion region, along with the lower iso- 
thermal layer, tends to keep the vertical currents of the 
troposphere from spreading into the stratosphere. The 
inversion also tends to reduce the amount of vertical mo- 
tion in the stratosphere itself; hence, itis a stratified layer. 
Even though the air temperature is increasing with 
height, the air at an altitude of 30 km is extremely cold, 
averaging less than —46°C. 

The reason for the inversion in the stratosphere is 
that the gas ozone plays a major part in heating the air 
at this altitude, Recall that ozone is important because it 
absorbs energetic ultraviolet (UV) solar energy. Some of 
this absorbed energy warms the stratosphere, which 
explains why there is an inversion. If ozone were not 
present, the air probably would become colder with 
height, as it does in the troposphere. 

Above the stratosphere is the mesosphere (middle 
sphere). The air here is extremely thin and the atmos- 
pheric pressure is quite low (again, refer back to Fig. 1.7) 
Even though the percentage of nitrogen and oxygen in the 
mesosphere is about the same as it was at the earth's sur- 
face, a breath of mesospheric air contains far fewer oxygen 
molecules than a breath of tropospheric air. At this level, 
without proper oxygen-breathing equipment, the brain 
would soon become oxygen-starved—a condition known 
as hypoxia—and suffocation would result, With an aver- 
age temperature of -90°C, the top of the mesosphere rep- 
resents the coldest part of our atmosphere. 

The “hot layer” above the mesosphere is the ther- 
mosphere. Here, oxygen molecules (O,) absorb ener- 
getic solar rays, warming the air. In the thermosphere, 
there are relatively few atoms and molecules. Conse- 
quently, the absorption of a small amount of energetic 
solar energy can cause a large increase in air tempera- 
ture that may exceed 500°C, or 900°F (see Fig. 1.8) 

Even though the temperature in the thermosphere 
is exceedingly high, a person shielded from the sun 
would not necessarily feel hot. The reason for this fact is 
that there are too few molecules in this region of the at- 
mosphere to bump against something (exposed skin, for 
example) and transfer enough heat to it to make it feel 
warm. The low density of the thermosphere also means 
that an air molecule will move an average distance of 
over one kilometer before colliding with another mole- 
cule. A similar air molecule at the earth’s surface will 
move an average distance of less than one millionth of a 
centimeter before it collides with another molecule. 

At the top of the thermosphere, about 500 km (300 
mi) above the earth’s surface, molecules can move great 
distances before they collide with other molecules. Here, 
many of the lighter, fastet-moving molecules traveling in 
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The vertical distribution of tempera- 
ture, pressure, and humidity up to an 
altitude of about 30 km can be ob- 
tained with an instrument called a 
radiosonde.* The radiosonde is a 
small, lightweight box equipped with 
weather instruments and a radio 
transmitter. I is attached to a cord 
that has a parachute and a gasfilled 
balloon tied tightly at the end (see 
Fig. 1). As the balloon rises, the 
attached radiosonde measures air 
temperature with a small electrical 
thermometer—a thermistor—located 
just outside the box. The radiosonde 
measures humidity electrically by 
sending an electric current across a 
carboncoated plate. Air pressure is 
obtained by a small barometer 
located inside the box, All ofthis 
information is transmitted to the 
surface by radio, Here, a computer 
rapidly reconver's the various fro- 
quencies into values of temperature, 


YA radiosonde that is dropped by parachute 
from an airera is called a dropsonde, 


pressure, and moisture. Special 
tracking equipment at the surface 
may also be used to provide a 
vertical profile of winds. (When 
winds are added, the observation is 
called  rawinsonde.) When plotted 
on a graph, the vertical distribution 
of temperature, humidity, and wind 
is called a sounding. Eventually, the 
balloon bursts and the radiosonde 
returns to earth, its descent being 
slowed by its parachute. 

At most sites, radiosondes are re- 
leased twice a day, usually at the time 
that corresponds to midnight and 
noon in Greenwich, England. Releas- 
ing radiosondes is an expensive oper- 
ation because many of the instruments 
are never retrieved, and many of 
those that are rerieved are offen in 
poor working condition. To comple- 
ment the radiosonde, modern geost: 
tionary satellites (using instruments 
that measure radiant energy) are pro- 
viding scientists with vertical tempera- 
ture profiles in inaccessible regions. 


FIGURE 1 
The radiosonde wih parachute and balloon 


the right direction actually escape the earth's gravita- 
tional pull. The region where atoms and molecules shoot 
off into space is sometimes referred to as the exosphere, 
which represents the upper limit of our atmosphere. 

Up to this point, we have examined the atmo- 
spheric layers based on the vertical profile of tempera- 
ture. The atmosphere, however, may also be divided into 
layers based on its composition, For example, the com- 
position of the atmosphere begins to slowly change in the 
lower part of the thermosphere. Below the thermosphere, 
the composition of air remains fairly uniform (78% ni- 
trogen, 21% oxygen) by turbulent mixing. This lower, 
well-mixed region is known as the homosphere (see Fig. 
1.8). In the thermosphere, collisions between atoms and 
molecules are infrequent, and the air is unable to keep it- 
self stirred. As a result, diffusion takes over as heavier 
atoms and molecules (such as oxygen and nitrogen) tend 
to settle to the bottom of the layer, while lighter gases 
(such as hydrogen and helium) float to the top. The re- 
gion from about the base of the thermosphere to the top 
of the atmosphere is often called the heterosphere. 
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Layers of the atmosphere based on temperature (red line), compo- 
sition (green line), and electrical properties (blue line) 
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THE IONOSPHERE The ionosphere is not really a layer, 
but rather an electrified region within the upper atmos- 
phere where fairly large concentrations of ions and free 
electrons exist. Jons are atoms and molecules that have lost 
(or gained) one or more electrons. Atoms lose electrons 
and become positively charged when they cannot absorb 
all of the energy transferred to them by a colliding ener- 
getic particle or the sun’s energy. 

‘The lower region of the ionosphere is usually about 
60 km above the earth's surface, From here (60 km), the 
ionosphere extends upward to the top of the atmo- 
sphere. Hence, the bulk of the ionosphere is in the ther- 
mosphere (see Fig. 1.8). 

The ionosphere plays a major role in radio commu- 
nications. The lower part (called the D region) reflects 
standard AM radio waves back to earth, but at the same 
time it seriously weakens them through absorption. At 
night, though, the D region gradually disappears and 
AM radio waves are able to penetrate higher into the 
ionosphere (into the E and F regions—see Fig. 1.9), 
where the waves are reflected back to earth. Because 
there is, at night, little absorption of radio waves in the 
higher reaches of the ionosphere, such waves bounce re- 
peatedly from the ionosphere to the earth's surface and 
back to the ionosphere again. In this way, standard AM 
radio waves are able to travel for many hundreds of kilo- 
meters at night. 

Around sunrise and sunset, AM radio stations usu- 
ally make “necessary technical adjustments” to compen- 
sate for the changing electrical characteristics of the D 
region. Because they can broadcast over a greater dis- 
tance at night, most AM stations reduce their output 
near sunset, This reduction prevents two stations—both, 
transmitting at the same frequency but hundreds of kilo- 
meters apart—from interfering with each other's radio 


FIGURE 1.9 
At night, the higher region of the 
ionosphere (F region) strongly reflects AM 
radio waves, allowing them to be sent over 
great distances. During the day, the lower D 
region strongly absorbs and weakens AM 
radio waves, preventing them from being 
picked up by distant receivers. 


programs. At sunrise, as the D region intensifies, the 
power supplied to AM radio transmitters is normally 
increased. FM stations do not need to make these 
adjustments because FM radio waves are shorter than 
AM waves, and are able to penetrate through the iono- 
sphere without being reflected. 


ref Review 
We have, in the last several sections, been examining 


our atmosphere from a vertical perspective. A few of the 
main points are: 


= Atmospheric pressure at any level represents the total 
mass of air above that level, and atmospheric pressure 
always decreases with increasing height above the 
surface, 

= The atmosphere may be divided into layers (or re- 
gions) according to its vertical profile of temperature, 
its gaseous composition, or its electrical properties. 

= Ozone at the earth's surface is the main ingredient of 
photochemical smog, whereas ozone in the strato- 
sphere protects life on earth from the sun’s harmful 
ultraviolet rays. 


We will now turn our attention to weather events 
that take place in the lower atmosphere. As you read the 
remainder of this chapter, keep in mind that the content 
serves as a broad overview of material to come in later 
chapters, and that many of the concepts and ideas you 
encounter are designed to familiarize you with items 
you might read about in a newspaper or magazine, or 
see on television. 


Weather and Climate 


When we talk about the weather, we are talking about 
the condition of the atmosphere at any particular time 
and place. Weather—which is always changing—is 
comprised of the elements of: 


1. air temperature—the degree of hotness or coldness 
of the air 

2. air pressure—the force of the air above an area 

3. humidity—a measure of the amount of water vapor 
in the air 

4, clouds—a visible mass of tiny water droplets and/or 
ice crystals that are above the earth’s surface 

5. precipitation—any form of water, either liquid or 
solid (rain or snow), that falls from clouds and 
reaches the ground 

6. visibility—the greatest distance one can see 

7. wind—the horizontal movement of air 


If we measure and observe these weather elements 
over a specified interval of time, say, for many years, we 
would obtain the “average weather” or the climate of a 
particular region. Climate, therefore, represents the ac- 
cumulation of daily and seasonal weather events (the 
average range of weather) over a long period of time. 
The concept of climate is much more than this, for it 
also includes the extremes of weather—the heat waves 
of summer and the cold spells of winter—that occur in 
a particular region. The frequency of these extremes is 
what helps us distinguish among climates that have 
similar averages. 

Ifwe were able to watch the carth for many thou- 
sands of years, even the climate would change. We 
would see rivers of ice moving down stream-cut valleys 
and huge glaciers—sheets of moving snow and ice— 
spreading their icy fingers over large portions of North 
America, Advancing slowly from Canada, a single glac- 
ier might extend as far south as Kansas and Illinois, with 
ice several thousands of meters thick covering the 
region now occupied by Chicago. Over an interval of 
2 million years or so, we would see the ice advance and 
retreat several times. Of course, for this phenomenon to 
happen, the average temperature of North America 
would have to decrease and then rise in a cyclic manner. 

Suppose we could photograph the earth once every 
thousand years for many hundreds of millions of years. 
In time-lapse film sequence, these photos would show 
that not only is the climate altering, but the whole earth 
itself is changing as well: mountains would rise up only 
to be torn down by erosion; isolated puffs of smoke and 
steam would appear as volcanoes spew hot gases and 
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The blizzard of 1996 was an awesome event. Lasting 
three days in January, the storm dumped huge amounts 
of snow over the east coast of the United States. Winds 
swirled the snow into monstrous drifts that closed roads 
and left many people stranded in their homes. Nine 
months later, during October, a second blizzard of sorts 
took place—a blizzard baby boom. Hospitals began re- 
porting a sudden surge in baby births. West Jersey 
Hospital in Pennsauken, New Jersey, for example, deliv- 
ered 25 percent more babies in October, 1996, than 
during the same month in 1995. Other hospitals 
throughout the northeast reported similar increases. 


fine dust into the atmosphere; and the entire surface of 
the earth would undergo a gradual transformation as 
some ocean basins widen and others shrink.” 

In summary, the earth and its atmosphere are dy- 
namic systems that are constantly changing. While ma- 
jor transformations of the earth’s surface are completed 
only after long spans of time, the state of the atmo- 
sphere can change in a matter of minutes. Hence, a 
watchful eye turned skyward will be able to observe 
many of these changes. 


A SATELLITE’S VIEW OF THE WEATHER A good view of 
the weather can be seen from a weather satellite. Figure 
1.10 is a satellite photograph showing a portion of the 
Pacific Ocean and the North American continent. The 
photograph was obtained from a geastationary satellite 
situated about 36,000 km (22,300 mi) above the earth. 
At this elevation, the satellite travels at the same rate as 
the earth spins, which allows it to remain positioned 
above the same spot so it can continuously monitor 
what is taking place beneath it. 

‘The dotted lines running from pole to pole on the 
satellite picture are called meridians. Since the zero 
meridian (or prime meridian) runs through Greenwich, 
England, the longitude of any place on earth is simply 
how far east or west, in degrees, it is from the prime 
meridian, North America is west of Great Britain and 
most of the United States lies between 75°W and 125°W 
longitude. 

‘The dotted lines that parallel the equator are called 
parallels of latitude. The latitude of any place is how far 
“he movement ofthe ocean flor and continents is explained in the widely 


acclaimed theory of plate tectonics, formerly called the theory of continental 
drif. 
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north or south, in degrees, it is from the equator. The 
latitude of the equator is 0°, whereas the latitude of the 
North Pole is 90°N and that of the South Pole is 90°S. 
Most of the United States is located between latitude 
30°N and 50°N, a region commonly referred to as the 
middle latitudes. 


Storms of All Sizes Probably the most dramatic spec- 
tacle in Fig, 1.10 is the whirling cloud masses ofall shapes 
and sizes. The clouds appear white because sunlight is re- 
flected back to space from their tops. The dark areas show 
where skies are clear. The largest of the organized cloud 
masses are the sprawling storms. One such storm shows 
as an extensive band of clouds, over 2000 km long, west 


of the Great Lakes. This middle-latitude cyclonic storm 
system (or extratropical cyclone) forms outside the tropics 
and, in the Northern Hemisphere, has winds spinning 
counterclockwise about its center, which is presently over 
Minnesota. 

A slightly smaller but more vigorous storm is lo- 
cated over the Pacific Ocean near latitude 12°N and lon- 
gitude 116°W, This tropical storm system, with its 
swirling band of rotating clouds and surface winds in ex- 
cess of 64 knots* (74 mi/hr), is known as a hurricane. 
‘The diameter of the hurricane is about 800 km (500 mi). 
The tiny dot at its center is called the eye. In the eye, 


"Recall Bom p. 10 that 1 knot equals 1,15 miles per hour, 


This satellite image 
(taken in visible 
reflected light) 
shows a variety of 
cloud patterns and 
storms in the earth's 
atmosphere, 


winds are light and skies are generally clear. Around the 
eye, however, is an extensive region where heavy rain and 
high surface winds are reaching peak gusts of 100 knots. 

Smaller storms are seen as bright spots over the 
Gulf of Mexico. These spots represent clusters of tower- 
ing cumulus clouds that have grown into thunder- 
storms; that is, tall churning clouds accompanied by 
lightning, thunder, strong gusty winds, and heavy rain. 
Ifyou look closely at Fig. 1.10, you will see similar cloud 
forms in many regions, There were probably thousands 
of thunderstorms occurring throughout the world at 
that very moment. Although they cannot be seen indi- 
vvidually, there are even some thunderstorms embedded 
in the cloud mass west of the Great Lakes. Later in the 
day on which this photograph was taken, a few of these 
storms spawned the most violent disturbance in the at- 
mosphere—the tornado. 

‘A tornado is an intense rotating column of air that 
extends downward from the base of a thunderstorm, 
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Sometimes called twisters, or cyclones, they may appear as 
ropes or as a large circular cylinder. The majority are less 
than a kilometer wide and many are smaller than a foot- 
ball field. Tornado winds may exceed 200 knots but most 
probably peak at less than 125 knots, Some tornadoes 
never reach the ground, and often appear to hang from 
the base of a parent cloud as a rapidly rotating funnel. Of- 
ten, they dip down, then rise up before disappearing, 


A Look at a Weather Map We can obtain a better 
picture of the middle-latitude storm system by exam- 
ining a simplified surface weather map for the same 
day that the satellite picture was taken. The weight of 
the air above different regions varies and, hence, so 
does the atmospheric pressure. In Fig. 1.11, the letter L 
on the map indicates a region of low atmospheric 
pressure, often called a low, which marks the center of 
the middle-latitude storm, The two letters H on the 
map represent regions of high atmospheric pressure, 
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Simplified surface weather map that correlates with the satellite picture shown in Fig. 1.10. The shaded green 
area represents precipitation. The numbers on the map represent air temperatures in “F. 
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When it rains, it rains pennies from heaven — sometimes. 
On July 17, 1940, a tornado reportedly picked up a 
treasure of over 1000 sixteenth-century silver coins, 
carried them into a thunderstorm, then dropped them on 
the village of Merchery in the Gorki region of Russia. 


called highs, or anticyclones. The circles on the map 
represent individual weather stations. The wind is the 
horizontal movement of air. The wind direction—the 
direction from which the wind is blowing*—is given by 
lines that parallel the wind and extend outward from 
the center of the station. The wind speed—the rate at 
which the air is moving past a stationary observer—is 
indicated by barbs. 

Notice how the wind blows around the highs and 
the lows, The horizontal pressure differences create a 
force that starts the air moving from higher pressure to- 
ward lower pressure, Because of the earth's rotation, the 
winds are deflected toward the right in the Northern 
Hemisphere. This deflection causes the winds to blow 
clockwise and outward from the center of the highs, and 
counterclockwise and inward toward the center of the low. 

As the surface air spins into the low, it flows together 
and rises, much like toothpaste does when its open tube is 
squeezed. The rising air cools, and the moisture in the air 
condenses into clouds. Notice in Fig. 1.11 that the area of 
precipitation (the shaded green area) in the vicinity of the 
low corresponds to an extensive cloudy region in the satel- 
lite photo (Fig. 1.10). 

Also notice by comparing Figs. 1.10 and 1.11 that, 
in the regions of high pressure, skies are generally clear. 
‘As the surface air flows outward away from the center of 
ahigh, air sinking from above must replace the laterally 
spreading air. Since sinking air does not usually produce 
clouds, we find generally clear skies and fair weather as- 
sociated with the regions of high pressure. 

‘The swirling air around the areas of high and low 
pressure are the major weather producers for the middle 
latitudes. Look at the middle-latitude storm and the 
surface temperatures in Fig, 1.11 and notice that, to the 
southeast of the storm, southerly winds from the Gulf of 


“Ifyou ae facing north and the wind is blowing in your face, the wind would 
be called a “north wind! 

This deflecting force, known as the Coriolis foree, is discussed more com- 
pletely in Chapter 6, as are the winds. 


Mexico are bringing warm, humid air northward over 
much of the southeastern portion ofthe nation. On the 
storm's western side, cool dry northerly breezes com- 
bine with sinking air to create generally clear weather 
over the Rocky Mountains. The boundary that separates 
the warm and cool air appears as a heavy, dark line on 
the map—a front, across which there is a sharp change 
in temperature, humidity, and wind direction. 

Where the cool air from Canada replaces the 
warmer air from the Gulf of Mexico, a cold frontis drawn 
in blue, with arrowheads showing its general direction of 
movement. Where the warm Gulf air is replacing cooler 
air to the north, a warm front is drawn in red, with half 
circles showing its general direction of movement. 
Where the cold front has caught up to the warm front 
and cold air is now replacing cool air, an occluded front is 
drawn in purple, with alternating arrowheads and half 
circles to show how it is moving. Along each of the 
fronts, warm air is rising, producing clouds and precip- 
itation. In the satellite photo (Fig. 1.10), the occluded 
front and the cold front appear as an elongated, curling 
cloud band that stretches from the low pressure area 
over Minnesota into the northern part of Texas. 

Notice in Fig. 1.11 that the weather front is to the 
west of Chicago. As the westerly winds aloft push the 
front eastward, a person on the outskirts of Chicago 
might observe the approaching front as a line of tower- 
ing thunderstorms similar to those in Fig. 1.12. Ina few 
hours, Chicago should experience heavy showers with 
thunder, lightning, and gusty winds as the front passes. 
All of this, however, should give way to clearing skies 
and surface winds from the west or northwest after the 
front has moved on by. 

Observing storm systems, we see that not only do 
they move but they constantly change. Stecred by the up- 
per-level westerly winds, the middle-latitude storm in Fig. 
1.11 intensifies into a larger storm, which moves eastward, 
carrying its clouds and weather with it. In advance of this 
system, a sunny day in Ohio will gradually cloud over and 
yield heavy showers and thunderstorms by nightfall. Be- 
hind the storm, cool dry northerly winds rushing into 
eastern Colorado cause an overcast sky to give way to 
clearing conditions, Farther south, the thunderstorms 
presently over the Gulf of Mexico (Fig. 1.10) expand a lit- 
Ue, then dissipate as new storms appear over water and 
land areas. To the west, the hurricane over the Pacific 
Ocean drifts northwestward and encounters cooler water. 
Here, away from its warm energy source, it loses its punch; 
winds taper off, and the storm soon turns into an unorga- 
nized mass of clouds and tropical moisture. 


Up to this point, we have looked at the concepts of 
‘weather and climate without discussing the word mete- 
orology. What does this word actually mean, and where 
did it originate? If you are interested in this informa- 
tion, read the Focus section entitled “Meteorology— 
A Brief History” on p. 18. 


WEATHER AND CLIMATE IN OUR LIVES Weather and 
climate play a major role in our lives. Weather, for eram- 
ple, often dictates the type of clothing we wear, while cli- 
mate influences the type of clothing we buy. Climate 
determines when to plant crops as well as what type of 
crops can be planted, Weather determines if these same 
crops will grow to maturity. Although weather and cli- 
mate affect our lives in many ways, perhaps their most 
immediate effect is on our comfort. In order to survive 
the cold of winter and heat of summer, we build homes, 
heat them, air condition them, insulate them—only to 
find that when we leave our shelter, we are at the mercy of 
the weather elements, 

Even when we are dressed for the weather properly, 
wind, humidity, and precipitation can change our per- 
ception of how cold or warm it feels. On a cold, windy 
day the effects of wind chill tell us that it feels much colder 
than it really is, and, if not properly dressed, we run the 
risk of frostbite or even hypothermia (the rapid, progres- 
sive mental and physical collapse that accompanies the 
lowering of human body temperature). On a hot, humid 
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FIGURE 1.12 
‘Thunderstorms developing along 
an approaching cold front. 


day we normally feel uncomfortably warm and blame it 
on the humidity. If we become too warm, our bodies 
overheat and heat exhaustion or heat stroke may result. 
‘Those most likely to suffer these maladies are the elderly 
with impaired circulatory systems and infants, whose 
heat regulatory mechanisms are not yet fully developed. 

Weather affects how we feel in other ways, too. Arth- 
ritic pain is most likely to occur when rising humidity is 
accompanied by falling pressures. In ways not well under- 
stood, weather does seem to affect our health. The inci- 
dence of heart attacks shows a statistical peak after the 
passage of warm fronts, when rain and wind are common, 
and after the passage of cold fronts, when an abrupt 
change takes place as showery precipitation is accompa- 
nied by cold gusty winds. Headaches are common on days 
when we are forced to squint, often due to hazy skies or a 
thin, bright overcast layer of high clouds, 

For some people, a warm, dry wind blowing down- 
slope (a chinook wind) adversely affects their behavior 
(they often become irritable and depressed). Just how and 
why these winds impact humans physiologically is not 
well understood, We will take up the question of why 
these winds are warm and dry in Chapter 7. 

When the weather turns colder or warmer than 
normal, it influences the lives and pocketbooks of many 
people. For example, the cool summer of 1992 over the 
eastern two-thirds of North America saved people bil- 
lions of dollars in air-conditioning costs. On the other 
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Focus on a Special Topic 
METEOROLOGY —A BRIEF HISTORY 


Meteorology is the study of the atmo- 
sphere and its phenomena. The term 
itself goes back to the Greek philos- 
opher Aristotle who, about 340 b.c., 
wrote a book on natural philosophy 
entitled Meteorologica. This work rep- 
resented the sum of knowledge on 
weather and climate at that time, as 
well as material on astronomy, geog- 
raphy, and chemistry. Some of the 
topics covered included clouds, rain, 
snow, wind, hail, thunder, and hurri- 
canes, In those days, all substances 
that fell from the sky, and anything 
seen in the air, were called meteors, 
hence the term meteorology, which 
actually comes from the Greek word 
meteoros, meaning “high in the air.” 
Today, we differentiate between those 
meteors that come from extraterrest- 
rial sources outside our atmosphere 
{meteoroids) and particles of water 
and ice observed in the atmosphere 
{hydrometeors) 

In Meteorologica, Aristotle 
attempted to explain atmospheric 
phenomena in a philosophical and 
speculative manner. Soveral years 
later, Theophrastus, a student of 
Aristoile, compiled a book on 
weather forecasting called the Book 
of Signs, which attempted to foretell 
the weather by observing certain 
weather-related indicators, Even 
though many of their ideas were 
found to be erroneous, the work of 
Aristolle and Theophrastus remained 
a dominant influence in the field of 
meteorology for almost 2000 years. 

The birth of meteorology as a gen- 
uine natural science did not take 
place until the invention of weather 
instruments. During the late 1500s, 
the Italian physicist and astronomer 
Galileo invented a crude water 
thermometer. In 1643, Evangelista 
Torricelli, a student of Galileo, in- 
vented the mercury barometer for 
measuring air pressure. A few years 
later, French mathematician philoso- 


phers Blaise Pascal and René 
Descartes, using a barometer, 
demonstrated that atmospheric pres 
sure decreases with increasing 
altitude. In 1667, Robert Hooke, a 
British scientist, invented a swing- 
type (plate) anemometer for measur- 
ing wind speed 

In 1719, German physicist 
Gabriel Daniel Fahrenheit, working 
on the boiling and freezing of 
water, developed a temperature 
scale. British meteorologist George 
Hadley, in 1735, explained how the 
earth's rotation influences the winds 
in the tropics. In 1742, Swedish 
astronomer Anders Celsius devel 
oped the centigrade (Celsius) tem- 
perature scale, By flying a kite in a 
thunderstorm in 1752, American 
statesman and scientist Benjamin 
Franklin demonstrated the electrical 
nature of lightning. In 1780, Horace 
deSaussure, a Swiss geologist and 
meteorologist, invented the hair hy- 
grometer for measuring humidity. 

With observations from instru- 
ments available, attempts were then 
made to explain certain weather 
phenomena employing scientific 
experimentation and the physical 
laws that were being developed at 
the time. French chemist Jacques 
Charles, in 1787, discovered the 
relationship between temperature 
and a volume of air. Enough 
weather information was available 
in 1821 that a crude weather map 
was drawn. In 1835, French phys- 
icist Gaspard Coriolis mathemat- 
ically demonstrated the effect that 
the earth's rotation has on 
atmospheric motions. 

As more and better instruments 
were developed, the science of mete 
orology progressed. By the 1840s, 
ideas about winds and storms were 
partially understood. Meteorology 
got a giant boost in 1843 with the 
invention of the telegraph. Weather 


observations and information could 
now be rapidly disseminated and, in 
1869, isobars lines of equal pressure) 
were placed on a weather map. 
Around 1920, the concepts of air 
masses and weather fronts were 
formulated in Norway. By the 1940s, 
Uupper-ir balloon observations of tem- 
perature, humidity, and pressure gave 
a ihreedimensional view of the aimo 
sphere, and highflying military aircraft 
discovered the existence of jef streams. 

Meteorology took another step for- 
ward in the 1950s, when high-speed 
computers were developed to solve 
the mathematical equations that 
describe the behavior of the almo- 
sphere. At the same time, a group of 
scientists at Princeton, New Jersey, 
developed numerical means for pre- 
dicting the weather. Today, computers 
plot the observations, draw the lines 
‘on the map, and forecast the state of 
the atmosphere at some desired time 
in the future 

After World War Il, surplus military 
radars became available, and many 
were transformed into precipitation: 
measuring tools. In the mid-1990s, 
these conventional radars were 
replaced by the more sophisticated 
Doppler radars, which have the 
ability to peer into severe thunder- 
storms and unveil their winds. 

In 1960, the first weather satellite, 
Tiros 1, was launched, ushering in 
spaceage meteorology. Subsequent 
satellites provided a wide range of 
useful information, ranging from day 
‘ond night time-lapse images of clouds 
‘ond storms to pictures that depict 
swirling ribbons of water vapor flow- 
ing around the globe. Throughout the 
1990s, ever more sophisticated satel- 
lites were developed to supply com- 
puters with a far greater network of 
data so that more accurate fore- 
casts— perhaps up fo a week or 
more—will be available in the future. 


side of the coin, the bitter cold winter of 1986-1987 over 
Europe killed many hundreds of people and caused fuel 
rationing as demands for fuel exceeded supplies. 

Major cold spells accompanied by heavy snow and 
ice can play havoc by snarling commuter traffic, curtail- 
ing airport services, closing schools, and downing 
power lines, thereby cutting off electricity to thousands 
of customers (see Fig. 1.13). For example, a huge ice 
storm during January, 1998, in northern New England 
and Canada left millions of people without power and 
caused over a billion dollars in damages, and a devastat- 
ing snow storm during March, 1993, buried parts of the 
East Coast with 14-foot snow drifts and left Syracuse, 
New York, paralyzed with a snow depth of 36 inches. 
‘When the frigid air settles into the Deep South, many 
millions of dollars worth of temperature-sensitive fruits 
and vegetables may be ruined, the eventual consequence 
being higher produce prices in the supermarket 

Prolonged dry spells, especially when accompanied 
by high temperatures, can lead to a shortage of food 
and, in some places, widespread starvation. Parts of 
‘Africa, for example, have periodically suffered through 
major droughts and famine. In 1986, the southeastern 
section of the United States experienced a terrible 
drought as searing summer temperatures wilted crops, 
causing losses in excess of a billion dollars. When the 
climate turns hot and dry, animals suffer too. Over 
500,000 chickens perished in Georgia alone during a 
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FIGURE 1.13 
An ice storm in January, 1998, 
crippled Quebec, Canada 


two-day period at the peak of the summer heat. Severe 
drought also has an effect on water reserves, often forc- 
ing communities to ration water and restrict its use. 
During periods of extended drought, vegetation often 
becomes tinder-dry and, sparked by lightning or a care- 
less human, such a dried-up region can quickly become 
a raging inferno, During the summer of 1998, hundreds 
of thousands of acres in drought-stricken northern and 
central Florida were ravaged by wildfires. 

Each summer, scorching heat waves take many 
lives. During the summer of 1999, heat waves across the 
United States caused over 250 deaths. In one particu- 
larly devastating heat wave that hit Chicago, Illinois, 
during July, 1995, high temperatures coupled with high 
humidity claimed the lives of more than 500 people. 

Each year, the violent side of weather influences 
the lives of millions. It is amazing how many people 
whose family roots are in the Midwest know the story of 


‘On the average, 146 people die each year in the 
United States from floods and flash floods—more than 
from any other natural disaster. OF those who died in 
flash floods during the past ten years, over half of them 
were in motor vehicles 
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someone who was severely injured or killed by a tor- 
nado, Tornadoes have not only taken many lives, but 
annually they cause damage to buildings and property 
totaling in the hundreds of millions of dollars, as a sin- 
gle large tornado can level an entire section of a town 
(see Fig. 1.14). 

Although the gentle rains of a typical summer 
thunderstorm are welcome over much of North Amer- 
ica, the heavy downpours, high winds, and hail of the 
severe thunderstorms are not. Cloudbursts from slowly 
moving, intense thunderstorms can provide too much 


FIGURE 1.14 
‘Tornadoes annually inflict widespread 
damage and cause the loss of many lives. 


rain too quickly, creating flash floods as small streams 
become raging rivers composed of mud and sand en- 
tangled with uprooted plants and trees (see Fig. 1.15). 
On the average, more people die in the United States 
from floods and flash floods than from any other nat- 
ural disaster. Strong downdrafts originating inside an 
intense thunderstorm (a downburst) create turbulent 
winds that are capable of destroying crops and inflicting 
damage upon surface structures, Several airline crashes 
have been attributed to the turbulent wind shear zone 
within the downburst. Annually, hail damages crops 


FIGURE 1.15 
Flooding during April, 1997, 
inundates Grand Forks, North 
Dakota, as flood waters of the Red 
River extend over much of the city. 


worth millions of dollars, and lightning takes the lives of 
about eighty people in the United States and starts fires 
that destroy many thousands of acres of valuable timber 
(see Fig. 1.16). 

Even the quiet side of weather has its influence. 
When winds die down and humid air becomes more 
tranquil, fog may form. Heavy fog can restrict visibility 
at airports, causing flight delays and cancellations. Every 
winter, deadly fog-related auto accidents occur along 
our busy highways and turnpikes. But fog has a positive 
side, too, especially during a dry spell, as fog moisture 
collects on tree branches and drips to the ground, where 
it provides water for the tree's root system. 

Weather and climate have become so much a part 
of our lives that the first thing many of us do in the 
morning is to listen to the local weather forecast. For this 
reason, many radio and television newscasts have their 
own “weather person” to present weather information 
and give daily forecasts. More and more of these people 
are professionally trained in meteorology, and many sta- 
tions require that the weathercaster obtain a seal of 
approval from the American Meteorological Society 
(AMS), or a certificate from the National Weather Asso- 
ciation (NWA). To make their weather presentation as 
up-to-the-minute as possible, an increasing number of 
stations are taking advantage of the information pro- 
vided by the National Weather Service (NWS), such as 
computerized weather forecasts, time-lapse satellite pic- 
tures, and color Doppler radar displays. 

For many years now, a staff of trained professionals 
at “The Weather Channel” have provided weather in- 
formation twenty-four hours a day on cable television 
And finally, the National Oceanic and Atmospheric Ad- 
ministration (NOAA), in cooperation with the National 
Weather Service, sponsors weather radio broadcasts at 
selected locations across the United States. Known as 
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FIGURE 1.16 
Estimates are that lightning strikes the earth about 100 times 
every second, Consequently, it is a very common, and 
sometimes deadly, weather phenomenon, 


NOAA weather radio (and transmitted at VHF-FM fre- 
quencies), this service provides continuous weather 
information and regional forecasts (as well as special 
weather advisories, including watches and warnings) 
for over 90 percent of the nation. 


Summary 


‘This chapter provided an overview of the earth's atmos- 
phere. Our atmosphere is one rich in nitrogen and oxy- 
gen as well as smaller amounts of other gases, such as 
water vapor, carbon dioxide, and other greenhouse gases 
whose increasing levels may result in global warming 
‘We examined the earth's early atmosphere and found it 
to be much different from the air we breathe today. 

We investigated the various layers of the atmo- 
sphere: the troposphere (the lowest layer), where almost 


all weather events occur, and the stratosphere, where 
ozone protects us from a portion of the sun’s harmful 
rays, Above the stratosphere lies the mesosphere, where 
the air temperature drops dramatically with height 
Above the mesosphere lies the warmest part of the 
atmosphere, the thermosphere. At the top of the ther- 
mosphere is the exosphere, where collisions between 
gas molecules and atoms are so infrequent that fast- 
moving lighter molecules can actually escape the earth’s 
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gravitational pull, and shoot off into space. The iono- 
sphere represents that portion of the upper atmosphere 
where large numbers of ions and free electrons exist 

We looked briefly at the weather map and a satellite 
photo and observed that dispersed throughout the at- 
mosphere are storms and clouds of all sizes and shapes. 
The movement, intensification, and weakening of these 
systems, as well as the dynamic nature of air itself, pro- 
duce a variety of weather events that we described in 
terms of weather elements. The sum total of weather 
and its extremes over a long period of time is what we 
call climate, Although sudden changes in weather may 
occur in a moment, climatic change takes place gradu- 
ally over many years, The study of the atmosphere and 
all ofits related phenomena is called meteorology, a term 
whose origin dates back to the days of Aristotle. Finally, 
we discussed some of many ways weather and climate 
influence our lives. 


Key Terms 


The following terms are listed in the order they appear 
in the text, Define each, Doing so will aid you in re- 
viewing the material covered in this chapter: 


atmosphere mesosphere 
nitrogen thermosphere 

oxygen ionosphere 

water vapor weather 

carbon dioxide weather elements 

ozone climate 

aerosols middle latitudes 
pollutants middle-latitude cyclonic 
outgassing storm 

air density hurricane 

air pressure thunderstorm 

lapse rate tornado 

temperature inversion wind 

radiosonde wind direction 
troposphere front 

stratosphere meteorology 
tropopause 


Questions for Rewiew 


1. Whatis the primary source of energy for the earth's at- 
mosphere? 

2, List the four most abundant gases in today’s atmo- 
sphere. 

3. Of the four most abundant gases in our atmosphere, 
which one shows the greatest variation from place to 
place at the earth's surface? 


4. Explain how the atmosphere “protects” inhabitants at 
the earth's surface 

5. What are some of the important roles that water plays 
in our atmosphere? 

6. Briefly explain the production and natural destruction 
of carbon dioxide near the earth’s surface. Give a rea- 
son for the increase of carbon dioxide over the past 
100 years. 

7. What are some of the aerosols in the atmosphere? 

8. What are the two most abundant greenhouse gases in 
the earth's atmosphere? 

9, How has the earth's atmosphere changed over time? 

10. (a) Explain the concept of air pressure in terms of 

weight of air above some level. 

(b) Why does air pressure always decrease with in- 
creasing height above the surface? 

11. What is standard atmospheric pressure at sea level in 
(a) inches of mercury, 

(b) millibars, and 

(©) hectopascals? 

12. On the basis of temperature, list the layers of the at- 
mosphere from the lowest layer to the highest. 

13. Briefly describe how the air temperature changes from 
the earth's surface to the lower thermosphere. 

14. (a) What atmospheric layer contains all of our 

weather? 

(b) In what atmospheric layer do we find the highest 
concentration of ozone? The highest average air 
temperature? 

15, Even though the actual concentration of oxygen is 
close to 21 percent (by volume) in the upper strato- 
sphere, explain why you would not be able to survive 
there. 

16. What is the ionosphere and where is it located? 

17. List the common weather clements. 

18. How does weather differ from climate? 

19. Rank the following storms in size from largest to 
smallest: hurricane, tornado, middle-latitude cyclonic 
storm, thunderstorm. 

20. When someone says that “the wind direction today is 
north?’ what does that mean? 

21. Weather in the middle latitudes tends to move in what 
general direction? 

22. Describe some of the features observed on a surface 
weather map. 

23. Define meteorology and discuss the origin of this word. 

24. Describe some of the ways weather and climate can 
influence people's lives. 


EQuestions for Thought 
and Exploration 


1. Why does a radiosonde observation rarely extend above 
30 km (100,000 ft) in altitude? 

2. Explain how you considered both weather and climate 
in your choice of the clothing you chose to wear today. 

3. Compare a newspaper weather map with a professional 
weather map (obtained either from the Internet or 
from the Blue Skies CD-ROM) for the same time. Dis- 
cuss any differences in the two maps. Look at both 
maps and see if you can identify a warm front, a cold 
front, and a middle-latitude cyclonic storm. 
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4. Use the Atmospheric Basics/Layers of the Atmosphere 
section of the Blue Skies CD-ROM to explore the verti- 
cal profile of temperature at an upper-air site near you. 
Does the temperature decrease or increase with height 
near the surface? Compare this temperature profile 
with that of the standard atmosphere in Fig. 1.7. 

5. Use the Atmospheric Basics/Layers of the Atmosphere 
section of the Blue Skies CD-ROM to identify the alti- 
tude of the tropopause at five different cities. 


© For additional readings, go to InfoTrac College 
J Edition, your online library, at: 
itp://wwwinfotrac-college.com 


